N-methyl-D-aspartate (NMDA) receptor antagonists have been demonstrated to induce schizophrenia-like symptoms and cognitive impairment in humans. The NMDA receptor has been strongly implicated in memory, but research to date on the effects of NMDA antagonists has examined only some aspects of human memory functions. This study used a double-blind, placebo-controlled, independent groups design with 54 healthy volunteers to examine the effects of infusions of two doses (0.4, 0.8 mg/kg) of the NMDA antagonist ketamine upon the five human memory systems, aspects of executive functioning and schizophrenia-like and dissociative symptoms. Ketamine produced a dose-dependent impairment to episodic and working memory and a slowing of semantic processing. Ketamine also impaired recognition memory and procedural learning. Attention, perceptual priming and executive functioning were not affected following the drug. In addition, ketamine induced schizophrenia-like and dissociative symptoms, which were not correlated with the cognitive measures. These data suggest that, in humans, ketamine produces a selective pattern of impairments to working, episodic, and procedural memory but not to perceptual priming, attention or aspects of executive functioning.
INTRODUCTION
Ketamine acts as an antagonist at glutamatergic N-methyld-aspartate (NMDA) receptors, which are found throughout the brain, but are most densely located in the hippocampus and cerebral cortex, areas important in human memory and cognition. Preclinical studies have shown that NMDAreceptor antagonists disrupt hippocampal long-term potentiation (LTP), the putative mechanism underlying neuronal learning (Morris et al, 1986) . It has been proposed that NMDA-receptor-mediated LTP is involved in both working and long-term memory in humans (Lisman et al, 1998) . Indeed ketamine, when administered to healthy volunteers, induces deficits in performance on verbal and visual memory tasks (Adler et al, 1998; Harborne et al, 1996; Harris et al, 1975; Hetem et al, 2000; Krystal et al, 1994 Krystal et al, , 1999 Krystal et al, , 2000 Malhotra et al, 1996) .
Human memory research has been strongly influenced by the memory systems approach, developed by Tulving (1985 Tulving ( , 1998 . A memory system is proposed to comprise of 'a set of correlated processes' (Tulving, 1985) . Distinct memory systems are seen to have different laws and principles characterizing their operation and differences in their ontogenetic and phylogenetic development. The five proposed memory systems are episodic memory, working memory, semantic memory, procedural memory, and the perceptual representation system (PRS).
Episodic memory makes possible what Tulving (1998) terms 'mental time travel' back into a person's past. It facilitates the acquisition and retrieval of information about specific personal experiences that occur at a particular time and place (Tulving, 1983) . Episodic memory is thought to be recollection associated with a specific state of conscious awareness that allows one to 're-live' an event mentally ('remember'), as opposed to a feeling of familiarity but no conscious recollection of the event ('know') (Tulving, 1985) . One task used to investigate episodic memory examines these 'remember' and 'know' responses following a presentation of stimuli. Another widely used episodic memory task tests memory for the 'source' of presented information, for example, remembering when, where or in which voice words were presented, in addition to examining memory for the words themselves. The semantic memory system encompasses a person's general knowledge about the world (Tulving, 1972) and, unlike episodic memory, semantic information is not associated with a specific learning context. Semantic knowledge covers a range of organized information including concepts, vocabulary, and facts. Semantic memory tasks include generating category members or judging whether sentences are true or false based on their semantic content. Working memory is thought to facilitate the maintenance and manipulation of internal representations that can be used to guide future behavior (Baddeley, 1998) . Asking participants to repeat a list of digits backwards is considered a working memory task, as is requiring participants to judge whether, in a list of sequentially presented digits, one number is the same as the one presented immediately before it.
The memory system defined as the PRS can be viewed as a collection of domain-specific modules operating on perceptual information about the form and structure of words and objects. In memory research, the main interest in the PRS relates to its role in perceptual priming. Perceptual priming refers to an increased likelihood of identifying or recalling an object as a result of previous exposure to it. An example of a priming task would be one in which during the study phase, participants are presented with a list of words but they are not informed that these words will be used for a memory test. Then in the test phase, participants are asked to complete word fragments with the first word that comes to mind. In a priming task, some of these word fragments would be parts of words that have been previously presented in the study list. Participants would be expected to complete more fragments with previously presented words, without awareness of doing so. Finally, procedural memory pertains to the learning of motor and cognitive skills, examples of which are learning to ride a bike or to read. To test this experimentally, participants may be shown a series of numbers or letters in different locations in a set sequence, to which they have to respond as fast as they can. In the test phase, while unaware that they have been previously presented with a sequence, participants' reaction times (RTs) will nevertheless decrease when they are presented with numbers in the same order as those presented at study.
Previous research has addressed the effect of NMDA antagonism, via administration of ketamine, on some of these human memory systems. While several studies have found ketamine-induced impairments in verbal memory (eg Krystal et al, 1994; Harborne et al, 1996; Malhotra et al, 1996) , only one study has investigated the effect of NMDAreceptor antagonism on the episodic memory system (Hetem et al, 2000) . Both 'remember' and 'know' responses were reduced following a single dose of ketamine when compared to placebo. The authors argue that this indicates an impairment of episodic memory. A reduction in 'remember' responses supports this assertion but the reduction in 'know' responses may reflect semantic impairments. The effect of ketamine on the semantic memory system has been investigated in tasks in which participants are required to generate category members (semantic fluency) or words beginning with a specified letter (phonemic fluency). Fluency is generally considered to be a measure of frontal lobe function (Pendelton et al, 1982) . However, neuroimaging studies have consistently implicated activation in the left prefrontal cortices during fluency tasks, which are areas activated in tasks requiring semantic retrieval (see Buckner, 2001) . Hence deficits in verbal fluency may well reflect semantic memory deficits. Conflicting results have been obtained from ketamine studies with fluency tasks of both impaired (Adler et al, 1998) and preserved (Ghoneim et al, 1985) category fluency, and similar findings of an impairment to verbal fluency in some (Adler et al, 1998; Krystal et al, 1994 Krystal et al, , 1998 , but not all (Krystal et al, 1999; Newcomer et al, 1999) studies. Findings concerning ketamine's effects on working memory are also conflicting. Impairments have been found on the N-back task (Adler et al, 1998) , but not on a spatial working memory task (Newcomer et al, 1999) . In addition, two studies have found preserved backwards digit span (Ghoneim et al, 1985; Harris et al, 1975) , but one study has found impaired forwards digit span (Harris et al, 1975) . Newcomer and Krystal (2001) , in their review of memory research with NMDA antagonists thus far, noted that ketamine's effects on memory and learning appear to be preferential to their effects on other cognitive functions and may be dose dependent. However, the effects of ketamine on the other two memory systems, procedural learning and perceptual representation, have not previously been investigated.
Although several studies have investigated the acute cognitive effects of ketamine on memory, they have been confined to single doses or, where more doses have been used, crossover designs have complicated the interpretation of results due to the tachyphylaxis (or rapidly developing tolerance) that occurs following ketamine administration. Further, previous research has not examined the effect of this drug on the full range of human memory functions.
Therefore, the present study aimed to characterize thoroughly the impact of ketamine administration on the different memory systems using a dose-response methodology. It was hypothesized that ketamine administration would impair episodic and working memory, replicating and extending previous findings. By using a more specific semantic memory task, this study hoped to clarify the effect of ketamine on this memory system. No prediction could be made as to the effects of ketamine on procedural learning or perceptual priming as these have not previously been investigated. The subjective effects that ketamine was expected to induce were increases in dissociative and schizotypal symptomatology.
METHODS

Participants and Design
Participants were recruited through an advertisement and were paid for their participation. The study was carried out in accordance with the Declaration of Helsinki and was approved by the institutional ethics committee (the UCL/ UCLH Committee on the Ethics of Human Research). All participants gave written, witnessed, informed consent. The inclusion criteria were that participants were between 18 and 35 years old and native English speakers. Participants were then selected for participation by a screening interview to exclude individuals with a propensity towards psychiatric disorders, and any substance misuse or general health problems.
Volunteers were screened by a semi-structured interview (conducted by CM), questionnaire, and physical examination to exclude those with (i) psychotic illness in a firstdegree relative; (ii) current or past psychiatric problems: the Beck Depression Inventory, (Beck, 1978) and Speilberger Trait Anxiety Inventory, (Spielberger, 1983 ) were used to screen current psychopathology in addition to DSM IV diagnostic criteria for psychotic illnesses; (iii) any significant history of substance misuse, including prior ketamine use; (iv) a positive result in a urinalysis screening for drugs of abuse; (v) hypertension; (vi) outside normal levels on the body mass index; (vii) a known allergy to ketamine; (viii) taking any prescribed medication (excluding oral contraceptives). At the screening interview, the premorbid IQ of each participant was also assessed by the 'Spot the Word' test (Baddeley et al, 1993) , an estimate of verbal intelligence based on lexical decision; trait dissociation was assessed by the Dissociative Experiences Scale (DES, Bernstein and Putnam, 1986) .
A total of 69 volunteers responded to the advertisement and 11 were excluded for failing to meet the inclusion criteria (history of mental illnessFtwo, family history of mental illnessFthree, prior use of ketamineFthree, currently on medicationFthree). In all, 58 healthy volunteers took part in this study. Of these, four participants dropped out: two had adverse reactions to cannulation, one had an adverse reaction to 0.8 mg/kg ketamine and did not wish to continue with the experiment, and one participant was excluded due to failing a urine screen upon the followup testing day. In total, 54 participants completed the study (mean age 22.53 7 3.52 years). A mixed model, independent group design was used, in which male and female participants were randomly allocated to treatment with either 0.8 mg/kg ketamine hydrochloride, 0.4 mg/kg ketamine hydrochloride, or placebo. Groups were balanced for gender with nine females and nine males in each group. Double-blind procedures were used throughout. Test versions were counterbalanced across participants and design.
Drug Administration
Participants received either ketamine (0.4. or 0.8 mg/kg) or saline placebo (0.9% NaCl) intravenously for 80 min. Pilot work demonstrated that tasks were sensitive to these doses of ketamine. Low doses were chosen to ensure that participants would understand the instructions to the tasks and to minimize adverse effects. This produces a dose of 0.005 or 0.01 mg/kg/min ketamine in the low-and high-dose groups. Using local anesthesia, a 16-gauge intravenous cannula was inserted in the nondominant forearm and after 5 min the ketamine infusion began via a Graseby intravenous infusion pump. A loading dose was not used in order to minimize adverse effects. A urine sample was taken before the infusion began and a peripheral venous blood sample was taken 65 min after commencing the infusion. Plasma was obtained immediately from blood samples by centrifugation and samples were stored at À801C. Ketamine levels were measured using gas chromatography (ABS Laboratories, National Poisons Unit, London).
Procedure
Testing occurred at either 0900 or 1300 and the time of testing was broadly matched across groups. Participants arrived at the hospital after completing an overnight fast for morning testing, or a minimum of 6 h fasting for afternoon testing. Participants were assessed on the predrug battery for 35 min. They were then allowed to rest for 15 min and were then cannulated. Approximately 5 min after cannulation, the anesthetist began the infusion. Participants were tested on a battery of tests similar to the predrug battery beginning 20 min after the start of infusion. Throughout the 80 min infusion the participant's pulse, blood pressure, and electrocardiagram were monitored. After infusion, participants were provided with light refreshments and were then assessed 30 min later and then at hourly intervals by the medical staff as to their 'street readiness'. A follow-up battery was given 3 days after the acute dose, findings of which are reported elsewhere (Morgan et al, in press ).
Assessments
Tests were selected to assess the range of human memory functions, dissociative and psychotogenic symptoms, and mood effects. Tests were administered in the following order: subjective drowsiness, speed of comprehension, serial reaction time (SRT) task, trailmaking, word-stem completion, and cued recall, N-back working memory task, source memory, CADDS SSQ, subjective drowsiness.
Cognitive Tasks
Speed of comprehension (Baddeley et al, 1992) . This task taps verbal semantic memory. Participants were presented with 200 sentences, some of which made sense (eg 'Sharks are good swimmers') and some of which do not (eg 'Wives are made in factories'). They were given 2 min to mark which sentences made sense and which ones did not. The task was scored in number of sentences completed and number of errors.
Source memory task (Wilding and Rugg, 1996) . This task was chosen as an index of episodic memory, that is, awareness of when and where a stimulus was encoded. Stimuli consisted of 240 low-frequency words. The words were divided randomly into six study lists of 40 words. In each study list, half the words were spoken in a female voice and half in a male voice (allocation was randomly determined). At study, words were presented to participants aurally, played on a tape recorder. During the study phase, participants listened to each word, repeated it aloud and then, depending upon the gender of the voice it is presented in, rated the word as either 'pleasant/unpleasant' or 'abstract/concrete.' After completing the list, there was a delay of 6 min, filled with another task, and then participants were presented with a test list. Test lists were created by combining the study list with another study list that had not been presented. Test words were presented visually on a computer monitor. Participants were instructed to say aloud whether each word was one that they had heard before and if so, whether it had been presented in a male or female voice. Participants gave their responses verbally. Word recognition responses were recorded as hits, false alarms, misses, and correct rejections. Source errors were also recorded.
Word-stem completion and cued recall (Bishop and Curran, 1995) . This task was chosen as an index of perceptual priming and free recall, using a levels of processing (LOP) encoding task (to distinguish between the perceptual representation system, which should not be affected by LOP, and the episodic memory system, which should be affected by LOP). Stimuli were 96 words. In the study phase, the participants were required to read aloud 64 words presented on the computer screen each for 4000 ms with a 1500 ms interval. For each block of 32 words, the participants were given encoding instructions. For the semantic encoding condition, participants were instructed to say whether the word presented depicted something living or nonliving. For the physical encoding condition, participants were instructed to say how many vowels were in each of the words. The encoding condition was counterbalanced across treatment groups. In the test phase, the word-stem completion task was given before the cued recall. In the word-stem completion task, participants were presented with 64 word-stems (16 previously semantically encoded, 16 previously physically encoded, 32 unseen) and asked to complete them with the first word that 'popped into their head', excluding proper nouns. Afterwards, participants were asked if they noticed anything about the words that they had completed the word-stems with. The cued recall task then followed. Participants were given a sheet of 32 word-stems (16 semantically encoded, 16 physically encoded) and were told that they had previously been shown all of the words that completed the word-stems. Participants were then asked to complete the stems with words they remembered being shown on the computer screen. Scores were recorded in terms of completion rates across the two encoding conditions and errors in the cued recall task and noncompleted stems in the word-stem completion.
N-back working memory task (Braver et al, 1997) . The task used a sequential letter paradigm and manipulated working memory load incrementally. The '0-back' condition was taken as an index of attention and the '1-back' and '2-back' conditions as tapping working memory. Stimuli were sequences of lower case consonants presented centrally for 1200 ms with a 500 ms interstimulus interval. Stimuli were organized in a pseudorandom sequence with targets occurring on 33% of the trials. Blocks were of 112 seconds (66 stimuli); each participant experienced one block in each condition at each time point (total nine blocks). Participants were presented stimuli on a VDU and responded to stimuli with their dominant hand, pressing a 'yes' button for targets and a 'no' button for nontargets. In the '0-back' condition, participants were required to respond 'yes' if they saw a target letter (eg M). In the 1-back condition, participants responded 'yes' to a letter if it was the same as the letter before it, in the 2-back condition if a letter was the same as two before it. RTs and responses were recorded for each trial using Visual Basic software.
Trailmaking (Reitan, 1958) . This task consisted of two parts, the first tapping psychomotor speed and the second executive functioning. In Part A of the task, participants were required to connect 25 circles in ascending order as rapidly and accurately as possible. Part B again contains circles, but with both numbers and letters in ascending order. Participants are again required to connect the circles as rapidly as possible, this time alternating between the two different sequences (1 to A, A to 2, 2 to B, B to 3, etc). A difference score was computed by taking time to complete on Part A away from time on Part B to give a measure of executive functioning controlling for simple psychomotor speed. Errors were also recorded.
SRT task (Shanks and Perruchet, 2002) . This task was used as an index of procedural learning using a repeating sequence. Participants were required to press a key as soon as they see a target appear in one of the four boxes on the computer screen. Participants are told that the task is a simple RT experiment, but actually the targets appear in boxes in a set sequence, for 85% of the trials. The task thus taps participants' ability to learn this underlying sequence. After a practice block of 10 trials with no underlying sequence, participants were subjected to one of two sequences balanced across conditions, for three blocks of 100 trials (a total of 300 trials). In each trial, a target (a 'X') appeared in one of the boxes. On 85% of the trials in each block, the 'X' would be a location correspondent to the sequence that the participant was being trained on (probable trial). However, on 15% of the trials in each block, the 'X' would appear in a location erroneous to the underlying sequence (improbable trial). The order of occurrence of the improbable trials was randomly determined. A trial ended when the participant pressed the correct corresponding key, whereupon the target moved to a new location. RTs were recorded with Visual Basic software, and scored in terms of latency of responding correctly for probable trials, latency of responding correctly for improbable trials, number of errors on probable trials, and number of errors on improbable trials.
Subjective Ratings
Schizotypal Symptomatology Questionnaire (Curran and Morgan, 2000) : a 30-item questionnaire designed to assess state schizophrenic-like symptoms in normal populations.
Dissociative. States Scale (adapted from Bremner et al, 1998): a 19-item measure subjectively rated measure tapped state dissociative symptoms.
Mood Rating Scale (Bond and Lader, 1974) : a six-item visual analogue scale (VAS) was used to investigate subjective drowsiness.
At the end of the main session, the effectiveness of blinding was also assessed, with both the participant and experimenter guessing whether they thought that a drug had been administered.
Statistical Analyses
All statistical analyses were performed using SPSS Version 9.0. Group differences were examined using one-way ANOVAs and, where data were nonparametric, the Kruskall-Wallis test. The recognition memory component of the source memory task and the N-back were analyzed using the signal detection theory (Snodgrass and Corwin, 1988) . This method was selected as it allows a separation of the response bias component from discriminability and yields a measure not only of the ability to recognize a word/number but also the bias in responding. Within psychopharmacological research response bias can be an issue, either in terms of disinhibition or overinhibition. Thus it is important to separate response bias, where possible, from memory data. The recognition and N-back data were then, along with most other cognitive tasks and subjective effects, analyzed using 3 Â 2 repeated measures analyses of variance (RMANOVA) with time (predrug, postdrug) as the withinsubject factor and drug condition (placebo, 0.4 mg/kg ketamine, 0.8 mg/kg ketamine) as the between-subject factor. Where significant interactions on 2 Â 3 were found, one-way ANOVAs on change scores between pre-and postdata were conducted, followed by orthogonal contrasts comparing (1) placebo with both drug groups and then (2) low-and high-dose ketamine. Dunnett's t and simple effects were analyzed in RMANOVAS with more than two factors. Bonferroni corrections were used to control for multiple comparisons and correlations.
RESULTS
Trait Scores, Demographics and Drug Dosage
There were no significant group differences in age. Participants were additionally matched in a premorbid IQ (spot the word) test, depression, alcohol and tobacco use, and trait dissociation. There were no differences in the milliliters infused for the three groups (F(2, 51) ¼ 0.39, p ¼ 0.68) or between the weights of the groups (F(2, 51) ¼ 0.44, p ¼ 0.65) ( Table 1 ). In total, the 0.8 and 0.4 mg/kg groups received a mean of 56.45 7 9.19 and 26.74 7 7.56 mg ketamine, respectively, over 80 min.
Cognitive Tasks
Source memory. For recognition memory data d 0 , an index of discriminability, and C, a measure of bias, were calculated. RMANOVA analysis of discrimination (revealed a significant drug Â time interaction (F ¼ (2, 51) ¼ 8.74, po0.001) and significant main effects of time (F(1, 51) ¼ 42.59, po0.001) and drug (F(2, 51) ¼ 3.84, po0.05) (see Figure 1a) . Post hoc analysis revealed significantly lower recognition memory scores in the drug groups as compared to placebo (t(51) ¼ 3.98, po0.001).
Analysis of the criterion (C), found a significant time Â drug interaction (F(2, 51) ¼ 3.75, po0.03) and a main effect of time (F(1, 51) ¼ 21.92, po0.001 ). Contrasts revealed a difference in bias between the 0.8 mg/kg and 0.4 mg/kg ketamine groups, such that the low-dose group was significantly less conservative than the higher dose group (t(51) ¼ À2.09 po0.04). The criterion only changed in the high-dose group from 0.40 7 0.22 predrug to 0.78 7 0.42 postdrug, indicating that they became more conservative, that is, they were more likely to say that they had not heard a previously presented word. Data on the probability of a correct source judgment (Ht) given recognition (Ht 0 ) were analyzed (Ht/Ht 0 ). There was a significant interaction between time and drug (F(2, 51) ¼ 18.84, po0.001) and significant main effects of drug (F(2, 51) ¼ 11.72, po0.001) and time (F(1, 51) ¼ 44.30, po0.001). Contrasts found significantly lower correct identification of the source of memories in the drug groups as compared to placebo (t(51) ¼ 4.91, po0.001) and in the 0.8 mg/kg group compared to the 0.4 mg/kg ketamine group (t(51) ¼ 3.68, p ¼ 0.001).The clear dose-response relationship can be seen in Figure 1b . However, even given the marked impairments of the high-dose group compared to the low-dose and placebo groups, it is noteworthy that the high-dose ketamine group was still performing above the 0.5 chance level.
Speed of comprehension.
There was a significant drug Â time interaction (F(2, 51) ¼ 11.72, po0.001). and main effect of time (F(1, 51) ¼ 4.93, po0.03) on the number of completed sentences. Contrasts revealed that the placebo group completed more sentences than the 0.8 and 0.4 mg/kg ketamine group (t(51) ¼ 4.03, po0.001), and significantly more sentences completed in the low-dose ketamine compared to the high-dose group (t(51) ¼ 2.68, p ¼ 0.01). There was no effect of drug on the number of errors in the silly sentences task or any interaction (Figure 2 Contrasts indicated that these difference were attributable to lower scores in the drug groups compared to placebo on both the '1-back' (t(51) ¼ 3.71, p ¼ 0.001) and '2-back' (t(53) ¼ 2.34, po0.03) tasks and lower scores in the 0.8 than the 0.4 mg/kg ketamine group, again both on the 1-back (t(53) ¼ 2.25, po0.03) and 2-back (t(53) ¼ 2.71, po0.01). As can be seen from Figure 3 , the high-dose ketamine group was performing at levels close to chance in the 2-back condition postdrug. The response criterion (C) was also analyzed. A working memory load Â drug interaction was found (F(4, 102) ¼ 6.00, po0.001), and a working memory load Â time interaction (F(2, 102) ¼ 189.414, po0.001) in addition to main effects of working memory load (F(2, 102) ¼ 110.21, po0.001), time (F(1, 51) ¼ 373.41, po0.001). Differences between groups were revealed postdrug on the 2-back section of the task (F(2, 53) ¼ 7.61, po0.01). The drug groups were less conservative overall than the placebo group (t(53) ¼ 3.07, po0.01), and the high-dose group was less conservative than the low-dose group (t(53) ¼ 2.45, po0.02) (group means, postdrug were: placebo: 0.014 7 0.25; 0.4 mg/kg ketamine: À0.17 Â 0.28; 0.8 mg/kg ketamine: À0.34 7 0.27). RTs were not found to differ between the groups at any of the time points. There was, however, a main effect of working memory load (F(1, 51) ¼ 147.24, po0.001). Within subjects contrasts revealed RTs to increase with increasing memory load (F(1, 43) ¼ 199.73, po0.001).
LOP Retrieval Intentionality (Table 2)
Word-stem completion. Participants completed more wordstems with studied than unstudied words, that is, priming occurred, with a main effect of study (F(1, 53) ¼ 50.47,. po0.001). The ratio of targets to distractors completed was computed as an index of priming. RMANOVA of these scores for semantically encoded stems and physically encoded stems revealed no effects of drug or LOP on priming. Cued recall. Unlike the word-stem completion condition, L-O-P (semantic vs physical) had a significant effect on stem cued recall (F(1, 51) ¼ 19.53, po0.001), with semantically encoded words being better recalled than physically encoded words. There was a trend for a main effect of drug (F(2, 51) ¼ 2.83, p ¼ 0.068).
SRT task. The two sequences which participants were trained on were combined in the analysis. RTs are only used for trials on which participants did not make errors and RTs from the first two trials of each block were disregarded because it would be impossible for participants to predict the location of the next target. A 3 Â 2 Â 3 RMANOVA found a significant block Â drug interaction (F(4, 106) ¼ 3.55, po0.01, p ¼ 0.009), significant main effects of probable/improbable (F(1, 53) ¼ 13.51, po0.01) and drug (F(2, 53) ¼ 8.59, po0.01). Post hoc Dunnett's t revealed the placebo group to be significantly faster than the 0.4 mg/ kg ketamine group (po0.02) and the 0.8 mg/kg group (po0.001). Multiple comparisons (with applied Bonferroni correction) revealed significant differences between probable and improbable trials for the placebo group at Block 2 (t(18) ¼ 2.97, po0.01) and Block 3 (t(18) ¼ 3.52, po0.01), but not at Block 1. For the 0.4 mg/kg ketamine group there were no differences, but at Block 3 the difference approached significance (t(17) ¼ 2.28, p ¼ 0.036). There were no differences between the probable and improbable trials on any block in the 0.8 mg/kg condition. As seen in Figure 4 , only the placebo group showed faster RTs (ie learning) over blocks; 0.4 mg/kg showed a flat curve and 0.8 mg/kg were slower over blocks. Analysis of the mean number of errors per block yielded a significant effect of condition (F(1, 53) ¼ 6.12, po0.02) and a significant main effect of block (F(2, 106) ¼ 4.38, po0.02). However, multiple comparisons did not demonstrate any further differences.
Trailmaking. For the time taken to complete part A, there were no significant group differences, although there was a trend for a time Â drug interaction (F(2, 51) ¼ 2.65, p ¼ 0.08). In part B, there was a significant drug Â time interaction for the time taken to complete the task (F(2, 51) ¼ 5.73, po0.01). Contrasts demonstrated were greater time taken to complete the task by the two drug groups compared to placebo (t(51) ¼ 2.50, po0.02) and in the 0.8 mg/kg ketamine group compared to the 0.4 mg/kg ketamine group postdrug (t(51) ¼ 2.81, po0.01). An overall score for trailmaking was computed by subtracting the scores from the first part of the test from scores on the second part of the test. This was to remove any general motor impairment effects from the task and concentrate upon the executive functioning component. Overall, no significant effects of treatment condition, assessment point, or errors were observed.
Subjective Effects
Schizotypal Symptomatology data for schizotypy were not normally distributed, so were transformed by a square root transformation. However, this did not affect the results of Figure 4 Mean RTs for the SRT task across probable and improbable trials.
the RMANOVAs so untransformed statistics and means are reported. When the overall score for schizotypy was computed, RMANOVA demonstrated a significant drug Â time interaction (F(2, 51) ¼ 10.95, po0.001) and a significant effect of time (F(1, 51) ¼ 23.26, po0.001). Contrasts showed that both the drug groups scored more highly than the placebo group (t(51) ¼ À4.63, po0.001), but there were no differences between the low-and 0.8 mg/kg ketamine groups. Group means on this scale postdrug were 4.61 7 4.49 in the placebo group, 14.39 7 14.56 in the lowdose group, and 18.61 7 9.99 in the high-dose group.
Dissociative states scale. RMANOVA of the overall DSS score showed a significant drug Â time interaction(F(2, 51) ¼ 21.30, po0.001). and significant main effects of drug (F(2, 51) ¼ 17.28, po0.001) and time (F(1, 51) ¼ 85.63, po0.001). Ketamine induced clear, doserelated dissociative effects. These were confirmed by further analysis of the interaction, which revealed significantly lower scores in the placebo group compared to the two drug groups postdrug (t(51) ¼ À5.88, po0.001) and the 0.4 mg/ kg ketamine group compared to the 0.8 mg/kg ketamine group postdrug (t(51) ¼ À2.85, po0.01 p ¼ 0.003). Group means on the dissociative states scales postdrug were 2.33 7 3.20 for the placebo group; 15.28 7 11.23 for the low-dose group, and 27.28 7 15.91 for the high-dose group.
Subjective drowsiness. A 3 Â 4 RMANOVA of the visual analogue scale for 'drowsiness' yielded a significant drug Â time interaction (F(6, 153) ¼ 7.90, po0.001), a significant main effect of drug (F(2, 51) ¼ 9.22, po0.001) and time(F(3, 153) ¼ 67.93, po0.001). Contrasts revealed that the placebo group were less drowsy than the two drug groups 10 min postdrug (t(51) ¼ À5.30, po0.001), and 80 min postdrug (t(51) ¼ À6.19, po0.001).
Guess on treatment. The high-dose ketamine groups were all accurate in discriminating the drug from placebo, and 16 (89%) of the low-dose participants could discriminate the ketamine from placebo. The experimenter guessed incorrectly as to the treatment condition (placebo/low dose/high dose) 20 times (high-dose group 8/18 times, low-dose group 8/18 times, placebo 4/18 times), thus the experimenter was accurate 63% of the time.
Sex differences. No drug Â gender interactions emerged on the source memory task, speed of comprehension, and the schizotypal symptomatology questionnaire.
Plasma ketamine levels at 65 min. Mean plasma ketamine levels were 128.96 ng/ml ( 7 36.96) for the low-dose group and 261.90 ng/ml ( 7 31.56) for the high-dose group.
Other responses. Seven participants reported feeling nauseous (high doseFtwo males, four females, low dose -one male). Of these, one low-dose male participant vomited 5 m after the infusion had been stopped. However, all participants, when asked, felt able to continue with the tasks. Many participants in the ketamine groups reported visual changes such as blurred vision or a sense that everything was moving or flickering. Despite this, however, all participants felt that they were able to proceed with the tasks.
DISCUSSION
The present study investigated the effects of two doses of ketamine, 0. 4 and 0.8 mg/kg, on memory systems, and dissociative and schizotypal symptoms. The main findings were that ketamine impaired working and episodic memory with increasing dose, disrupted procedural, and semantic memory regardless of dose while leaving perceptual priming intact. Ketamine also induced schizophrenic and dissociative symptoms, replicating previous studies (Krystal et al, 1994; Malhotra et al, 1996; Newcomer et al, 1999; Adler et al, 1998; Hetem et al, 2000) .
Ketamine dose dependently increased both source and recognition memory errors. These findings replicate the impairment in recognition memory observed previously with ketamine (Ghoneim et al, 1985; Malhotra et al, 1996; Hetem et al, 2000) , but extend these findings to demonstrate an episodic memory impairment. The only previous study to examine episodic memory following ketamine indicated a decrease in both recollection and familiarity (Hetem et al, 2000) . There clearly is a parallel between impairments to conscious awareness ('remembering') and the source memory impairments we observed. Our finding of source memory deficits indicates not only an impairment of 'what' is remembered but also 'how, why, and where'. This supports the notion that the NMDA receptor is important in episodic memory in humans. Neuroimaging studies suggest that these deficits in source memory may be a function of hyperactivation of the prefrontal cortex and underactivation of the hippocampus and medial temporal lobe structures, as these areas are associated with source memory (Wheeler et al, 1997) and this pattern of neural activity has been found following ketamine administration (Breier et al, 1997; Vollenweider et al, 1997) , Interestingly, the high-dose ketamine group, while impaired, were still performing well above chance levels on the source memory task. Many previous studies have found recognition memory to be at chance following a similar dose of ketamine to that used in this study (eg Malhotra et al, 1996; Hetem et al, 2000) . In these studies, ketamine disrupted encoding but not retrieval processes. The elaborative encoding procedure used in this task, where source was associated with both gender of voice and subsequent semantic judgment, appeared to elevate source memory scores predrug to near-ceiling levels. This elaborative encoding, postdrug, may also have acted to compensate partially for ketamine-induced encoding impairments.
Working memory was dose dependently impaired in the present study, accompanied by a preservation of sustained attention. This finding replicates the work of Adler et al (1998) . Preserved attentional processes following ketamine administration eliminate the possibility that memory impairments are due to any general impairment in attentional functioning. It is also important to remember, when considering all the cognitive findings of the current study, that no one task taps a single memory system, for example the impaired working memory observed here may also be partially responsible for the deficits on the episodic memory task.
Our findings provide the first demonstration that perceptual priming is preserved following ketamine administration. The LOP manipulation was successful and demonstrated a dissociation in performance on the implicit and explicit aspects of the task, satisfying Schacter et al, (1989) 'retrieval intentionality criterion'. Thus, on wordstem completion, LOP did not affect performance, but on cued recall it did, with semantically encoded words being better remembered than physically encoded words. There was a trend towards lower scores in the ketamine groups on the cued recall task in line with previous research demonstrating that cued recall is less sensitive to druginduced impairment than free recall (Bishop and Curran, 1995) . Interestingly, levels of cued recall were lower than stem completion throughout, but lowest in the high-dose ketamine group where twice as many stems were completed with targets in the implicit compared to the explicit task. This would accord with the suggestion that in situations where conscious awareness is impaired, it may serve to have inhibitory effects on explicit memory (Danion et al 1999) . Preserved perceptual priming is of interest as no previous study has examined the effects of ketamine on this form of memory. This implies that a specific pattern of memory deficits is induced by ketamine rather than a global impairment on all memory tasks. Further investigation of priming with tasks such as process dissociation, which taps awareness in addition to priming, may be useful in interpreting these findings further.
No procedural learning was observed in the high-dose ketamine group and was only marginally evident in the lowdose ketamine group. In the context of other ketamine research, this relates to only one study that found an impairment in the learning of new rules, but not the expression of previously learnt rules on repeated versions of the WCST (Krystal et al, 2000) . Krystal et al (2000) hypothesized that this may have been a result of deficits in the acquisition of procedural learning. However, the WCST is not a procedural measure. The findings of the present study from a task that clearly assesses procedural learning support the above hypothesis. A possible mechanism for ketamine-induced impairments on this task may stem from the putative neuroanatomical basis of procedural learning in the basal ganglia. Glutamate and the NMDA-R are essential factors in the plasticity response of the basalganglia (Schmidt, 1998) and glutamatergic activity is secondary only to dopaminergic activity in these structures (Nieoullon, 2002) . As NMDA antagonism enhances both glutamate and dopamine release in components of corticostriato-thalamic circuitry (Moghaddam et al, 1997) , it is feasible that this enhancement is responsible for the impairment in procedural learning observed in the current study. Previous research has found that administration of a dopamine antagonist can reverse ketamine-induced impairments on the WCST, which has a procedural learning component (Krystal et al, 1999) . However, animal studies have found that working memory deficits following NMDA antagonists are more transient than increases in the prefrontal cortex and nucleus accumbens dopamine levels (Adams and Moghaddam, 1998) . Therefore, further work should examine the relative contributions of glutamatergic and dopaminergic changes to this learning deficit.
It is interesting to note that even though both priming and procedural learning tap processes that do not involve conscious awareness, different findings were observed on these tasks. In patients with organic memory disorders, such as the amnesias, nonconscious forms of memory are generally preserved. The finding of impaired procedural learning in the presence of preserved priming observed in the current study, is reminiscent of the cognitive pattern observed in Parkinson's Disease (Jackson et al, 1995) . However, evidence for a true impairment to procedural learning is unclear, as the RTs of the ketamine subjects were significantly slower than those of placebo overall. The speed of responding may putatively affect learning; slower responses may mean that participants require longer time to learn the sequence. Ketamine also reduced psychomotor speed on trailmaking in the present study, but did not affect trailmaking scores once psychomotor slowing had been controlled for. This replicates the findings of Harborne et al (1996) , and indicates a preservation of some aspects of frontal functioning.
Retrieval from semantic memory was examined in the present study using the speed of the comprehension task. There was a dose-response relationship between the number of sentences verified on this task. This may suggest semantic memory impairments following ketamine administration. However, participants did not make any more errors after ketamine. In light of the trailmaking results discussed above and those stemming from the SRT, where RTs and speed were significantly slower in the ketamine group, it is again possible that ketamine effects on this task are due to general psychomotor slowing attributable to the anesthetic and sedative effects of the drug.
The current study replicated the findings of previous work in revealing an increase in the schizophrenic-like and dissociative symptoms following ketamine. These findings confirmed that the psychotomimetic effects of ketamine are detectable on both clinician and self-rated scales, and that ketamine, in the doses administered in this study, induced a state resembling some of the symptoms of schizophrenia. There have been suggestions in the literature that, as NMDA antagonists induce psychotic symptoms and the NMDA receptor is involved in memory, the cognitive deficits observed in schizophrenia may be mediated by the NMDA receptor (eg Newcomer and Krystal, 2001 ). While cognitive impairment in schizophrenia still remains ill-defined, highly tentatively it appears that the profile of cognitive effects of ketamine appears somewhat similar to that observed in schizophrenia and organic psychosis (Perlstein et al, 2001 ), but differs in impairments to procedural learning and preserved executive functioning. Further research using techniques such as pharmacological functional magnetic resonance imaging may shed light on the similarity between neuroanatomical substrates of NMDA antagonist-induced cognitive impairments and those observed in schizophrenia.
This study was subject to several limitations. Firstly, the cognitive testing began after 20 min, when ketamine may not have reached a plasma level comparable to that of previous ketamine research. This could explain the lack of errors on the speed of comprehension task, as this task was administered first. Secondly, the continuous infusion style used meant that ketamine levels may have been rising throughout the study, which could result in impairments on certain tasks being an effect of increasing dose rather than ketamine specificity for certain memory systems. Studies using steady-state or pseudosteady-state infusion styles have negated this problem (Hetem et al, 2000; Newcomer et al, 1999) . A consequence of rising blood ketamine levels may also have been that sedation was increasing, which would have compounded the effects of ketamine on these tasks. However, the data would seem to indicate that this is not the case. The tasks that were not affected by ketamine were towards the end of the battery, for example, implicit memory, when ketamine levels and drowsiness had increased. Furthermore, tasks at the beginning of the battery demonstrated ketamine-induced impairments (eg procedural learning). Thus it would appear that the selectivity of ketamine's effects on certain memory systems is not as a result of a test order that meant that tasks towards the end of the battery were subject to a combination of higher drowsiness and ketamine blood levels. Another limitation common to studies of this kind is that tasks may not be of comparable difficulty and while on tasks such as the N-back it is possible to manipulate levels of difficulty, on the other tasks this was not feasible. Despite this, these tasks have been shown to be differentially sensitive to the impact of pharmacological manipulations of memory systems, although further work could address this issue.
The doses of ketamine used in this experiment are somewhat lower and involved a different infusion style (continuous rather than a bolus then maintenance infusion) than some used in previous studies (eg Krystal et al, 1994; Malhotra et al, 1996; Newcomer et al, 1999) . Hence comparisons across these studies are limited. Despite this, however, the cognitive effects of ketamine observed in the current study were similar to those detailed in the aforementioned papers. As this study has demonstrated discernible ketamine effects at these doses, future research may consider using lower doses, although targeting a steady state, to further investigate memory systems and ketamine. There were no baseline differences between the groups, which confirms that variation between the groups postinfusion is a result of drug effects and not individual differences. Previous studies have used crossover designs but as ketamine is associated with tachyphylaxis and potential residual cognitive effects were possible, then the independent groups design was considered to be preferable.
In summary, the present study replicated previous data, suggesting a ketamine-induced impairment of working memory and preservation of attention and executive function. This study extended findings of an impairment in episodic memory following ketamine by demonstrating an impairment in memory for source. Ketamine produced a slowing of semantic processing but no increases in errors. Further novel findings from this study were of preserved perceptual priming and impaired procedural learning induced by ketamine. This is a cognitive profile that differs from both schizophrenia and organic memory disorders.
